Stability of microencapsulated marigold lutein under three different storage conditions (dark and vacuum, light and vacuum, air and light) at 4, 20, and 37
INTRODUCTION
Lutein is a member of the xanthophyll family of carotenoids, which widely exist in marigold petals. They have hydroxyl groups that allow them to orient within cell membranes and lipoproteins in ways other carotenoids cannot. [1, 2] They function as potent antioxidants and effective screeners of high energy blue light. [3, 4] Findings show that ingestion of lutein-containing foods or supplements results in increased macular pigment optical density, [5, 6] and may help to improve visual function in patients suffering from two common eye diseases of ageing: cataract and age-related macular degeneration (AMD). [7] Evidence has been provided that lutein is insoluble in aqueous systems and the solubility in food grade solvents (oils) is very limited, resulting in low bioavailability. [8] Because of the presence of unsaturated bonds in the molecular structure, lutein is sensitive to oxidants, light, and heat, which can be easily deteriorated when exposed to such factors; [9] this limits the applications of the free lutein in food processing fields. To improve the solubility and bioavailability of lutein, a microencapsulation technique was used; [10] the protective mechanism therein is to form a membrane to enclose droplets or particles of the encapsulated material. However, whether the encapsulating agents show a good protective function for the lutein against damage is not well known.
Lutein mainly exists in the all-trans and cis forms, although a number of methods for the separation of lutein stereoisomers have been reported; the simple, fast, and complete simultaneous separation of E/Z isomers of lutein has not been achieved so far. [11, 12] In this study, a convenient and rapid method for analysis of lutein and its cis stereoisomers was developed and the stability of microencapsulated marigold lutein during storage was also studied.
MATERIALS Chemicals
All-trans lutein standard was purchased from Sigma Co. (St. Louis, MO, USA). Octenylsuccinate starch, sucrose, sucrose ester 13 (SE-13), and edible alcohol were purchased from Richengsheng Food-Additive Factory (Changsha, China). The analytical grade solvents, such as petroleum ether, acetone, toluene, and sodium thiosulphate, were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The HPLC grade solvent methanol methylene chloride and acetonitrile were from TEDIA Co. (OH, USA). Deionized water was obtained from Wahaha Group Co., Ltd. (Hangzhou, China).
METHODS

Preparation of Microencapsulated Lutein
Core material lutein with a degree of purity (∼90%) isolated from marigold by solvent extraction [13] was dissolved in edible alcohol up to 0.25 g/mL, SE-13 (0.5%, w/w) was added as emulsifier. Wall materials, including octenylsuccinate starch and sucrose with a mass ratio of 9/1, were dissolved in hot distilled water to form an aqueous solution with a final concentration of 15%. The lutein solution was then dripped into the aqueous solution by stirring to form a coarse emulsion; the final ratio of core and wall materials was 1: 15 (v/v). After homogenization, the resultant emulsion was fed onto the Spray Dryer (DS1500, Shanghai Dishi Mechanical Equipment Ltd. Co.) under the inlet temperature 160 ± 5
• C, outlet temperature 80 ± 5 • C, and feed rate of 400 mL/h. The powders obtained were stored to exclude light and were kept at -20
• C under nitrogen until analyzed.
Identification of Lutein Stereoisomer
HPLC analyses
The HPLC instrument (Agilent Co., CA, USA) was equipped with a quad gradient pump (G1311A), a degasser (G1322A), a photo diode-array detector (G1315B), a rheodyne model 7725 injector, and a column oven (G1316). A mobile phase of methanol/methylene chloride/acetonitrile (50/20/30) with a C 30 column (YMC Co., Tokyo, Japan) was used to separate lutein and its cis isomers. The sample solvent was methanol. The flow rate was 1 mL/min, the column temperature was 27
• C for 12 min, the wavelength 450 nm, and aliquots of 20 µL were used for HPLC.
HPLC-APCI/MS analyses
LC-MS was performed using HPLC coupled to a photodiode array ultraviolet (UV) detector equipped with an ion trap atmospheric pressure chemical ionization mass spectrometry (APCI-MS) system operated in the positive ion mode (Finnigan Co., CA, USA). Conditions of the APCI source: vaporization temperature at 450
• C, capillary temperature at 150
• C, sheath gas flow rate at 40 (arbitrary units), auxiliary gas flow rate at 8 (arbitrary units), capillary voltage at 10V. The instrument performance parameters were optimized for lutein prior to sample analysis. Total ion chromatography was obtained between 200 and 800 m/z.
Stability Test
The aliquots of prepared lutein microcapsules were stored at 4, 20, and 37
• C under three conditions: (a) dark and vacuum, (b) light and vacuum, and (c) air and light. The samples were packaged with air or vacuum in polyethylene bags (3 g per bag) and stored in the dark or light (the light intensity measured about 1600 lux) at selected temperatures of 4, 20, and 37
• C for 12 weeks, respectively. At the time interval of 2 weeks, the microcapsules were removed from storage and collected for HPLC analysis. Lutein crystals were just stored for 6 weeks as control treated.
Degradation Kinetics
Degradation of lutein was considered to follow a first order kinetics during storage, [14, 15] and mathematically expressed as:
where c represented residual concentration of lutein (mg/g) in prepared lutein microcapsules after storage, c 0 represented initial lutein concentration (mg/g), t and k represented time (weeks) and reaction rate constant (week −1 ) at a particular condition, respectively. The decimal reduction time (D values), the time required to reduce the lutein concentration by 90%, was related to reaction rate constants by D = 2.303/k. The Arrhenius model is an empirical collision model that describes the relationship between reaction rate constants and temperature, and is expressed as:
where Ea represented activation energy (kJ/mol), R represented gas constant (8.3148 × 10 −3 kJ/mol K), and T represented the absolute temperature (K).
Statistical Analysis
Each experiment was performed in triplicate. The results of different storage conditions on microencapsulated lutein were expressed as mean ± SD. The experimental data was analyzed employing given models (Eqs. 1-2), and adequacy of fit was evaluated by comparing correlation coefficients (R 2 ) that were computed using Microcal Origin 7.5 software.
RESULTS AND DISCUSSION
Identification of Lutein and Its Stereoisomers
The separation of lutein and its stereoisomers from the microcapsules was shown in Fig. 1 . By using a C 30 -bonded phase, good separations were achieved within 12 min. The analysis time of the method described here was significantly shorter than most of the reported methods. [11, 12, 16] Major peaks were detected in microencapsulated marigold lutein during storage; the identification of these compounds was based on UV and MS data as shown in Fig. 2 and Table 1 , which made it possible for direct detection and identification of native geometric isomers of lutein. UV spectral data was critical in the identification of the geo-metric conformation of cis stereoisomers, all UV/Vis spectra of cis lutein stereoisomers were different from all-trans lutein ( Table 1) . A small hypsochromic shift was observed with the introduction of a Z-bond compared to the all-E configuration. In comparison to the typical absorption maxima of all-trans lutein, 9-cis lutein, 9 -cis lutein showed hypsochromic shifts of 4 nm, and 13-cis lutein, 13 -cis lutein showed shifts of 8 and 4 nm, respectively, which was also a small peak around 330-340 nm. These spectral features could be used as a method for identification of lutein isomers.
Strong absorbance in the region around 330 nm was observed for 13-cis and 13 -cis lutein. This absorbance was reflected in the calculated Q values (Table 1) , which was much greater than that of the all-trans, 9-cis isomers, and 9 -cis isomers. A possible explanation for this is the extinction coefficient depending on the dipole moment in the molecule, which is in turn related to the perpendicular distance between the Z-bond and an imaginary line joining the ends of the carotenoid molecule. [10] Further, 13-cis lutein was always eluted out earlier than 13 -cis lutein, probably as a result of its polarity, and the similar trend was observed in 9-cis lutein and 9 -cis lutein.
MS data were also important because they confirmed that those cis stereoisomers had the same molecular weight and similar fragmentation pattern as their respective trans stereoisomers. The mass b Q values represent the ratio of the absorption intensity at the near-UV maximum to the absorption intensity at the main absorption maximum. spectra of cis lutein isomers were similar to the all-trans lutein. The characteristic fragmented ions formed from lutein exposed to light were shown in Fig. 2, corresponding to an 
Changes of All-Trans Lutein in Microcapsules during Storage
Lutein mainly exists in the all-trans form. However, isomerization of all-trans lutein to cis forms occurs due to environment conditions and it has been demonstrated that trans isomers may have better antioxidant properties and is more favorable for intestinal absorption than cis isomers. [17] Figure 3 showed the changes of all-trans lutein content in microcapsules during storage under different conditions. The content of all-trans lutein was found to decrease during the storage time, and the higher storage temperature in dark, the faster degradation of all-trans lutein, similar trends were also applied to light and air condition. In comparison, the air treatment resulted in the highest loss of all-trans lutein, especially at 37
• C. Illumination, air, and high-temperature storage treatments could facilitate the degradation of all-trans lutein. Lin and Chen [18] reported that compared to dark and light storage, the degradation of all-trans plus cis forms of lutein of canned tomato juice moved slowly mainly because the juice was in a dark environment and the exposure of juice to atmospheric oxygen was excluded. Thus, lutein microcapsules with vacuum packed were preserved best in dark and 4
• C storage. Figure 4 showed the changes of all-trans lutein content in crystals during storage at 20
• C. After 6 weeks of storage, the retention of all-trans lutein in the dark and light were 55 and 32% respectively, far away below the microcapsules at the same condition, and all-trans lutein was not detected after 3 weeks storage in air. Obviously, the wall materials of microcapsules had a significantly protective effect on all-trans lutein. A first order model could explain the degradation behavior of carotenoids. [19] Thermal kinetic values of all-trans lutein in microcapsules during storage were listed in Table 2 . A linear relationship was obtained, with the correlation coefficient above 0.95, demonstrating that degradation of all-trans lutein followed a first order kinetic model. It was observed that the degradation rate of all-trans lutein accelerated as temperature increased in dark. Similar trends were observed in light and air condition. All-trans lutein was susceptible to oxidized exposed to light and air. The decimal reduction time (D values) also confirmed that degradation rate of all-trans lutein stored in air was the fastest at the same temperature.
Activation energies were calculated on the basis of linear regression analysis of natural logarithms of rate constants at different conditions against reciprocal absolute temperature, 1/T in K. It reveals the temperature-dependence of all-trans lutein degradation in a microcapsule. The pigment was more susceptible to thermal degradation due to the higher activation energies. [20] Activation energies for all-trans lutein in dark, light, and air were 25.56, 30.03, and 34.62 kJ/mol, respectively, which indicated that light and air could increase the heat sensitivity of microencapsulated lutein; the higher temperature would more strongly effect the degradation of lutein, especially stored in air.
CONCLUSIONS
A new method of HPLC using methanol, methylene chloride, and acetonitrile as eluent with a C 30 column was developed to separate and quantitatively determine lutein and its cis stereoisomers, which significantly shortened analysis time. Stability of all-trans lutein in the microcapsules during storage was investigated, and it followed a first order kinetic model well. At the storage of 4
• C, the degradation rate of all-trans lutein was only 0.004 week −1 with vacuum-packaged during dark storage, which was suitable for lutein microcapsules to preserve for a long time. 
